Anthozoans (e.g., corals, anemones) are an ecologically important and diverse group of 47 marine metazoans that occur from shallow to deep waters worldwide. However, our 48 understanding of the evolutionary relationships among the ~7500 species within this class is 49 hindered by the lack of phylogenetically informative markers that can be reliably sequenced 50 across a diversity of taxa. We designed and tested 16,308 RNA baits to capture 720 51
Anthozoan cnidarians play critical roles in many marine ecosystems. The class contains 71 ~7 ,500 extant species (i.e., soft corals, sea fans, stony corals, black corals, and anemones) that 72 live worldwide in a variety of marine habitats-from tropical shallow waters to the cold deep 73 abyss (Daly et al. 2007 ). Many anthozoans serve as foundation species by creating habitat and 74 supporting a diversity of invertebrates and fishes, including obligate symbiotic associates. In 75 addition, scleractinian (stony) corals can create massive biogenic structures and engineer entire 76 reef-based ecosystems. In fact, coral reefs are some of the most diverse and valuable marine 77 ecosystems across the globe, supporting a high concentration of the oceans' biodiversity 78 (Carpenter et al. 2008 ). Yet, coral reefs are disappearing at an alarming rate, the health of many 79 coral habitats is declining, and the extinction risk of reef-building corals is increasing due to 80 human impacts, including anthropogenic climate change (Gardner et al. 2003; Pandolfi et al. 81 M a n u s c r i p t I n R e v i e w 3 reciprocally monophyletic (Daly et al. 2007 ), a view also supported by recent phylogenomic 93 analyses of 10s to 100s of genes (Zapata et al. 2015; Pratlong et al. 2017) . Within each sub-class, 94 however, molecular phylogenetic studies have revealed widespread homoplasy in morphological 95 characters and widespread polyphyly at the ordinal, sub-ordinal, family, and genus levels (e.g., 96 Within most anthozoan orders, there is also a lack of phylogenetic resolution at the 105 species level. This may be due to incomplete lineage sorting in gene trees, insufficient data due 106 to the small number of currently available markers, hybridization, and/or lack of morphological 107 synapomorphies in taxonomy (McFadden et al. 2010 (McFadden et al. , 2011 (McFadden et al. , 2017 has been attributed to a unique mis-match repair enzyme (mtMutS) that potentially repairs 116 mutations (Bilewitch and Degnan 2011) thereby causing reduced mitochondrial sequence 117 variation in octocorals when compared to other metazoans (Shearer et al. 2002 We used all available genomes and transcriptomes to design a set of target-capture baits 145 for enriching both UCEs and exons for use in anthozoan phylogenetics. Herein, we discuss how 146 loci were targeted and baits were designed. Using an in silico analysis, we demonstrate that these 147 loci recover the established sub-class and ordinal relationships among anthozoans. Finally, we 148 test the utility of these baits in vitro using 33 species from across both sub-classes of Anthozoa. 149 150
Materials and Methods 151

Available Genomes and Transcriptomes 152
Genomic and transcriptomic data were gathered from various sources for use in bait 153 design and in silico testing (Table S1 ). All data were masked for repetitive regions, 154 retroelements, small RNAs, and transposons using Repeat Masker open-4.0 (Smit et al. 2015) . 155
The N50 was calculated for each genome using stats.sh in the BBtools package (Bushnell 2015) . 156
We then constructed 2bit files for all genomes and transcriptomes (faToTwoBit, BLAT Suite,
Identification of UCE Loci and Bait Design 162
We used the open-source program PHYLUCE ) and followed the 163 workflow in the online tutorial (http://phyluce.readthedocs.io/en/latest/tutorial-four.html), with a 164 few modifications to identify conserved regions and design baits to target these regions for 165 downstream next-generation sequencing (Faircloth 2017) . To find UCEs, we first aligned an 166 average of 34 million simulated reads from each of the four exemplar taxa, Acropora digitifera, 167
Exaiptasia pallida, Renilla muelleri, and Pacifigorgia irene, to a base genome, Nematostella 168 vectensis, using stampy v. 1 (Lunter and Goodson 2011), with a substitution rate set at 0.05. 169
Nematostella vectensis ('nemve') was chosen as the base genome for the primary bait design 170 because it is one of the most well assembled and annotated anthozoan genomes. Approximately 171 1.3% of the reads mapped to the nemve genome; the resulting alignment file was transformed 172 from SAM format into BAM format (samtools, Li et al. 2009 ) and then transformed into a BED 173 formatted file (BEDtools, Quinlan and Hall 2010). These BED files were sorted by 174 scaffold/contig and then by position along that scaffold/contig. We then merged together the 175 alignment positions in each file that were close (<100 bp) to one another using bedtools. In 176 addition, sequences that included masked regions (>25%) or ambiguous (N or X) bases or were 177 too short (<80 bp) were removed using phyluce_probe_strip_masked_loci_from_set. These steps 178 resulted in BED files containing regions of conserved sequences shared between nemve and each 179 of the exemplar taxa for further analysis. An SQLite list plus phyluce_probe_get_genome_sequences_from_bed was used to extract the conserved 185 regions from the nemve genome. These regions were buffered to 160 bp by including an equal 186 amount of 5' and 3' flanking sequence from the nemve genome. Another filter was performed at 187 this stage to remove sequences < 160 bp, sequences with > 25% masked bases, or sequences 188 with ambiguous bases. A temporary set of sequence capture baits was designed from the loci 189 found in this final FASTA file. Using phyluce_probe_get_tiled_probes, we designed the bait set 190 by tiling 120 bp baits over each locus at 3x density (baits overlapped in the middle by 40 bp). 191
This temporary set of baits was screened to remove baits with >25% masked bases or high 192 (>70%) or low (<30%) GC content. Any potential duplicates were also removed using 193 phyluce_probe_easy_lastz and phyluce_probe_remove_duplicate_hits_from_probes_using_lastz. 194
Bait sequences were considered duplicates if they were ≥50% identical over ≥50% of their 195
length. 196
The temporary bait set (2,131 baits, targeting 1,787 loci) was aligned back to nemve and 197 the four exemplar taxa using phyluce_probe_run_multiple_lastzs_sqlite, with an identity value of 198 70% (the minimum sequence identity for which a bait could be an accepted match to the 199 genome) and a minimum coverage of 83%. From these alignments, baits that matched multiple 200 loci were removed. We then extracted 180 bp of the sequences from the alignment files and input 201 the data into FASTA files using phyluce_probe_slice_sequence_from_genomes. A list 202 containing 710 loci shared between at least three of the taxa was created. Based on this list of 203 710 loci, the anthozoan UCE bait set was re-designed to target these 710 loci using 204 phyluce_probe_get_tiled_probe_from_multiple_inputs, nemve, and the four exemplar genomes. 205
Using this script, 120-bp baits were tiled (3X, middle overlap) and screened for high (>70%) or 206 low (<30%) GC content, masked bases (>25%), and duplicates. This bait set included a total of
methods with Paramuricea sp. as the base transcriptome and Anthomastus sp., Corallium 231 rubrum, Eunicea flexuosa, G. ventalina, Keratoisidinae sp., and Nepthyigorgia sp. as the 232 exemplar taxa to add 4,914 baits targeting an additional 407 loci to the dataset. 233 234
Final Bait Screening 235
All of the bait sets were screened against one another to remove duplicates (≥50% 236 identical over >50% of their length), allowing us to create a final non-duplicated Anthozoa bait 237 set. We also screened these baits (70% identity, 70% coverage) against the Symbiodinium 238 minutum genome by using phyluce_probe_run_multiple_lastzs_sqlite and 239 phyluce_probe_slice_sequence_from_genomes and removed loci that matched the symbiont. 240
Bait names in the final bait FASTA file begin with 'uce-' if designed using genomes to target 241 UCEs and 'trans-' if designed using transcriptomes to target exons. 242 243
In Silico Test 244
In silico tests were performed to check how well the designed baits aligned to existing 245 genomes and transcriptomes. First, phyluce_probe_run_multiple_lastzs_sqlite was used to align 246 the UCE baits to the nine 2-bit formatted genomes and an outgroup genome (Hydra 247 magnipapillata) and the exon baits to the 24 2-bit formatted transcriptomes (Table S1 ). An 248 identity value of 50% was chosen for alignments. For each bait test, the matching FASTA data 249 were sliced out of each genome or transcriptome, plus 200 bp of 5' and 3' flanking regions, 250 using phyluce_probe_slice_sequence_from_genomes. This resulted in an average of 429 ± 178 251 SD (44 to 599 per species) UCE loci and 497 ± 230 SD (206 to 857) exon loci per anthozoan 252 species (Table 1) phyluce_align_get_only_loci_with_min_taxa, in which all locus alignments contained at least 4 261 of the 10 taxa for the genome data and 9 of the 24 taxa for the transcriptome data. We then 262 concatenated the resulting alignments into separate supermatrices; one containing UCE loci from 263 
In Vitro Test 269
Following the in silico test, the list of designed baits was sent to MYcroarray for 270 synthesis. MYcroarray further screened and removed baits that either had repetitive elements or 271 the potential to cross-hybridize (0.007% total baits removed). We then tested the bait set on 33 272 anthozoan specimens ( and custom iTru dual-indexed primers were used in library preparations (Glenn et al. 2016 ). For 294 target enrichment, the MYcroarray MyBaits were diluted in 1/2 (250 ng) of the standard (500 ng) 295
MyBaits reaction, using 2.5 µL of the baits and 2.5 µL of ddH20 for all samples. Different bait 296 strengths were tested on a set of six samples ( 
Identification of Loci and Bait Design 336
A total of 16,308 baits were designed to capture 1,791 anthozoan loci with 4 to 10 baits 337 targeting each locus. The principal UCE bait set included 5,513 baits designed to target 720 loci. 338
The principal exon bait set included 10,795 baits to target 1,071 loci. Four loci that matched 339 genomic regions in Symbiodinium minutum were removed from the dataset. These loci, however, 340
were also detected in azooxanthellate anthozoans, such as Chrysogorgia tricaulis. 341 342
In Silico Test 343
We generated two alignment matrices, one consisting of the exon loci taken from the 344 transcriptome-enabled taxa and the other one consisting of the UCE loci taken from the genome-M a n u s c r i p t I n R e v i e w 14 enabled taxa. The alignment matrix generated with the UCE loci, which included the H. 346 magnipapillata outgroup, had a total of 522 loci, with a trimmed mean locus length of 373 bp 347 (95% CI: 8.4) and a total alignment length of 138,778 bp. The alignment matrix generated with 348 the exon loci included 407 loci, with a trimmed mean locus length of 462 bp (95% CI: 5.8) and a 349 total length of 219,339 bp. The ML phylogenies generated from these alignments recovered the 350 previously established sub-class and ordinal relationships within Anthozoa (Fig. 1) . The 351 phylogeny generated with the UCE loci had 100% support at all the nodes (Fig. 1a) whereas the 352 phylogeny generated with the exon loci had complete support at the majority (86%) of the nodes 353 ( Fig. 1b) . (Tables 2 and S3 ). Coverage averaged 2.5 to 9.9X per contig. No differences in 363 numbers of contigs or reads were evident between the individuals prepared using the two 364 different Kapa kits (Hyper Prep or Hyper Plus) at 1/2 bait strength or between the different bait 365 strengths used (1/4, 1/8, 1/2, full) ( Fig. S1 , Tables 2 and S3 ). Using Abyss, trimmed reads were Because contig sizes were much smaller from Abyss than those assembled via Trinity, remaining 368 analyses were done on the Trinity-assembled data. 369 A total of 713 UCE loci and 1,061 exon loci (1,774 total loci out of 1,791 targeted UCE 370 loci) were recovered from the assembled contigs. Mean length of UCE contigs was 598 ± 158 bp 371 included in the GBlocks trimmed alignments (Table 3 ). The average percentage of 385 phylogenetically informative sites across all alignments was 39%. For the comparisons within 386 each of three genera (Acropora, Alcyonium, Sinularia), 382 to 426 loci were retained in the 387 100% alignment matrices (Table 4 ). Mean % variable sites per locus ranged from 4.7 to 30%, 388
with the most variation found in the Alcyonium dataset and the least found within Acropora.
Percent variation per locus ranged from 0 to 55%, with only one non-polymorphic locus found in 390 the Acropora dataset. 391
Tree topologies were mostly congruent between the 25% and 50% 392
Anthozoa+genome+outgroup data matrices using all loci (Fig. 2., Fig. S2 ). By rooting to the 393 outgroup H. magnipapillata, monophyly for the currently established anthozoan subclasses and 394 the hexacoral orders was recovered in both taxon occupancy data matrices. As expected, the 395 octocoral order Pennatulacea was found nested within Alcyonacea. Only a few branches shifted 396 between the two data matrices. Acropora digitifera was sister to A. muricata in the 50% dataset, 397 but sister to A. millepora in the 25% dataset. In Octocorallia, both Cornularia pabloi and 398
Erythropodium caribaeorum shifted positions between datasets. In addition, bootstrap support 399 was higher in the 25% Anthozoa+genome+outgroup tree (Fig. 2) compared to the 50% dataset 400 tree. At most nodes in the 25% dataset tree, bootstrap support was 97-100%; only three nodes 401 had lower bootstrap support (59-82%, Fig. 2) . 402
Lower bootstrap support also occurred in trees created with only the exon loci or the 403 UCE loci (Fig. S3 ), but tree topologies were mostly congruent with the few exceptions noted 404 above (Fig. S3 ). We also found that the cerianthids were sister to all other anthozoans in both 405 25% and 50% exon datasets, but sister to hexacorals in the UCE locus datasets. Zoanthus cf. 406 pulchellus was sister to the actiniarians in the 25% exon dataset, but sister to a clade containing 407 Actiniaria, Antipatharia, Corallimorpharia, and Scleractinia in all other datasets ( Fig S3) . limitations that hinder the transcriptomic-approach for large datasets. In addition, it is often not 419 feasible to obtain RNA from rare taxa or taxa that have not been properly preserved for 420 transcriptomics, such as museum specimens. In our study, we show that the sequence-capture 421 approach for both UCEs and exons can be used to capture genome-scale data in anthozoans. To 422 date, this approach has not been applied to anthozoans or to marine invertebrates more generally 423 (except Hugall et al. 2016) . We successfully designed a novel bait set based on existing 424 transcriptomes and genomes, and captured 1,774 loci from a diversity of anthozoans spanning 425 >500 million years of divergence (Peterson et al. 2004 ). This target-enrichment approach has the 426 capability to resolve a wide range of divergence levels, from deep-(orders, sub-orders) to 1,000 loci. The large range of loci recovered per anthozoan species (172 to 1036 loci) was also 436 similar to the arachnid results (170 to 722 loci). We note that the number of loci recovered from 437 octocorals was much higher than what was recovered from hexacorals. This result is perhaps 438 because we added more octocoral-specific baits to the final bait set. And as we added more 439 octocoral-specific baits, we removed baits that were potential paralogs; the majority of these 440
were designed based on the hexacorals. As was done for the hymenopteran UCE bait set 441 (Branstetter et al. 2017) , we need to re-design the baitset and include additional octocoral-442 specific baits and hexacoral-specific baits to increase the success of locus capture. We will also 443 design separate octocoral-and hexacoral-specific bait sets so that additional loci specific to each 444 sub-class can be targeted. Nevertheless, this first bait design and in vitro results from 33 taxa 445 demonstrate the promising utility of the target-capture method for resolving anthozoan 446 relationships across deep divergence levels. 447
The number of variable sites found at loci recovered from within three genera 448 demonstrates that this is also a promising approach to delimit species boundaries. Within all 449 three genera examined, variable sites ranged up to 55% per locus, with a mean variation across 450 all loci of 4.7, 5.5, and 30% in Sinularia, Acropora, and Alcyonium, respectively. The high 451 variation seen within Alcyonium is consistent with unpublished data (C. McFadden, unpubl. data) 452 that suggest the three species are perhaps different genera. For Sinularia, average divergence 453 Because this was the first time the target-enrichment UCE approach had been tested on 469 anthozoans, we compared different concentrations of baits and different library preparation kits 470 to determine whether or not particular methods would recover more loci. We found no 471 differences in the number of loci recovered using different concentrations of baits in the 472 hybridization and enrichment protocols. This bait-strength test suggested that the number of 473 hybridizations obtained from one standard reaction could, at least, be doubled. We also found no 474 differences between the two different Kapa kits used. The enzymatic DNA shearing that can be 475 performed with the Kapa Hyper Plus kit may be useful for researchers who do not have access to 476 a sonicator. 477
Following trimming and aligning of conserved loci, the mean locus length was much 478 shorter (~190 bp) compared to the mean length of un-trimmed loci (~600 bp). Therefore, some of 479 the loci included in the ML analyses were relatively short (< 100 bp), particularly in the 480 Anthozoa+genome+outgroup dataset. In alignments between highly divergent taxa (such as were filtered with GBlocks. In contrast, the locus size was considerably higher within genera 483 (~525 bp) because of fewer poorly aligned and divergent positions. Perhaps re-performing the 484
GBlocks internal trimming with less stringent parameters would increase the size of loci in 485 alignments of divergent taxa. Alternatively, by not using GBlocks in the pipeline, we could 486 increase the size of loci and perhaps the accuracy of tree inference (Tan et al. 2015) . Stringent 487 alignment filtering, as done with GBlocks, can not only increase the proportion of unresolved 488
branches, but can also lead to well-supported branches that are in fact incorrect (Tan et al. 2015) . 489
Different methods of aligning and filtering data will be explored in future work. 490
The phylogenies produced from the in vitro data were highly supported despite low 491 overall taxon occupancy (>25 or 50% matrices) and inclusion of short loci. Bootstrap support at 492 most nodes was >97% in both trees, although there were a few nodes that had low support and a 493 few branches that shifted between datasets, particularly in the Octocorallia. In addition to 494 stringent filtering as discussed above, sources of incongruence and low bootstrap support could 495 include compositional bias, saturation, violations of model assumptions (Jeffroy et al. 2006 ) 496 and/or missing data. Missing data, however, are generally not problematic if there are a 497 reasonable number of informative characters (see Streicher et al. 2015) . Rather, incongruence 498 and low support at a few nodes is perhaps due to incomplete taxon sampling (Wiens 2005; Wiens 499 and Tiu 2012). Although a diversity of taxa from across the clades were selected for in vitro 500 analyses, several lineages were not represented, particularly in the Octocorallia. Outgroup choice 501 and taxon evenness can also impact topology and clade support in UCE phylogenomics 502 (Branstetter et al. 2017) . Future efforts will need to incorporate more thorough taxon sampling. indicated that the placement of Ceriantharia changed between the different datasets. The 519 topologies resulting from exon data placed the ceriantharians as sister to the anthozoans, a 520 relationship also supported by mitochondrial data (Stampar et al. 2014) . Trees from UCE loci 521 had ceriantharians as sister to hexacorals, a relationship also supported by combined 522 mitochondrial and nuclear rDNA data (Rodríguez et al. 2014) . Future work must include 523 different outgroup choices (i.e., sponges), while closely examining the distribution and strength 524 of phylogenetic signal. This will help clarify the source of incongruence and resolve which loci 525 strongly influence the resolution of a given 'contentious' branch (Shen et al. 2017 The in silico and in vitro tests of the novel bait set demonstrate that the target-enrichment 541 approach of UCEs and exons is a promising new genomic resource for inferring phylogenetic 542 relationships among anthozoans. Using this bait set, target-capture enrichment of the UCE and 543 exon loci from at least 192 additional anthozoans is currently underway to further our 544 understanding of character evolution and systematics of the clade. Adding more taxa will likely 545 increase the accuracy of the phylogenetic inference. We also plan to sequence additional 546 outgroup taxa, including medusozoan cnidarians and sponges to help address whether or not 547 octocorals are sister to hexacorals or medusozoans and resolve the position of ceriantharians. 548
Finally, we plan to re-design the bait sets to create hexacoral-and octocoral-specific bait sets. M a n u s c r i p t I n R e v i e w 23
We will include additional baits to increase the capture efficiency of loci that were targeted in 550 this study, while adding more loci that are specific to each sub-class. This target-enrichment 551 approach provides a promising genomic resource to resolve phylogenetic relationships at deep to 552 shallow levels of divergence, considerably advancing the current state of knowledge of 553 anthozoan evolution. Author Contributions 566 567 AMQ, CSM, ER, and BCF conceived and designed this study. AMQ designed the baits, 568
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